Transient implantable medical bionics offer great promise in the field of smart controlled release and tissue regeneration. On-board energy storage is the ideal power system to drive them. In this work, a critical component of such a device, a biodegradable polymer electrolyte (silk fibroin-choline nitrate) has been developed. The efficiency of this electrolyte is demonstrated when deployed in a biodegradable thin-film magnesium battery. The battery, encapsulated in silk, offers a specific capacity of 0.06 mAh cm-2. The enzymatic degradation of the whole device occurs over 45 days in the buffered protease XIV solution. A programmed battery lifetime can be achieved using silk protection layers. This battery system provides a new avenue for an on-board biodegradable power source for next-generation transient medical bionics.
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Abstract
Transient implantable medical bionics offer great promise in the field of smart controlled release and tissue regeneration. On-board energy storage is the ideal power system to drive them. In this work, a critical component of such a device, a biodegradable polymer electrolyte (silk fibroin-choline nitrate) has been developed. The efficiency of this electrolyte is demonstrated when deployed in a biodegradable thin-film magnesium battery. The battery, encapsulated in silk, offers a specific capacity of 0.06 mAh cm -2 . The enzymatic degradation of the whole device occurred over 45 days in the buffered protease XIV solution. A programmed battery lifetime can be achieved using silk protection layers. This battery system provides a new avenue for on-board biodegradable power source for next generation transient medical bionics.
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Transient implantable medical bionics (TIMBs) which feature a complete disappearance in a controlled manner after their operation are gaining ground. 1 They provide the ability to influence biological processes in a controlled fashion. 2, 3 This has implications for areas such as wound healing, bone fracture and tissue regeneration. Such systems involve the use of electrical stimulation to perform the function. Current demonstrations have typically been limited by the use of an external power source or a wireless powering system. 4 Here we present an alternative approach involving an implantable battery system that satisfies the power requirements of the TIMB and then harmlessly degrades. To date, only a few studies have attempted to fabricate biodegradable batteries. One option is to employ biologically derived melanin pigment as an electrode which could reversibly bind sodium and magnesium (Mg) cations. 5, 6 Another strategy utilizes a bioresorbable Mg anode coupled with biocompatible metallic cathodes such as iron and molybdenum 7 The major challenge facing these aqueous batteries is their integration with the electronic systems (sensors and bioelectronics) within a TIMB. 8 In this study, we report on a biodegradable thin-film Mg battery using a silk fibroin-choline 16 A protein conformation transition from random coil and/or helical structure to β-sheet can be ascribed to IL binding to the protein surface and increasing surface tension.
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This behaviour is similar to that observed for SF interacting with metallic cations. 18 The coordination of cations to the carbonyl and/or OH group of SF could affect the hydrogen bonding interactions in SF and consequently its secondary structure. Thermogravimetric analysis ( Figure S1 , Supporting Information) revealed the amount of water confined in the PE was 5-9% (w/w). This acts as a proton source to support the oxygen reduction reaction (ORR)
at the cathode. 19 The silk film exhibited a tensile strength of 21 MPa with an 8% elongation to break ( Figure   1c ). Addition of IL to obtain a PE composition of (SF: increasing the overall flexibility of the material. 20 The plasticizing effect was also observed by the addition of glycerol in SF due to the formation of hydrogen bonds between the hydroxyl (OH) group of glycerol and the hydrophilic polar groups present in some amino acids. being tightly bound to the SF host matrix, but being highly mobile, which was also evidenced by the concomitantly sharp decrease in ionic conductivity from 3.4 to 0.03 mS cm -1 after incubation in PBS for 12 h (Figure 2b ). In the enzyme solution, the weight loss was 89% after 24 h, much higher than that (68%) in PBS. In this case the degradation of silk I and/or amorphous structure was involved. 24 The PE disintegrated after 2 days. Structural changes 25 To further understand this degradation process, changes in the surfaces morphologies were monitored. The PE film was of smooth and uniform surface. After 24 h degradation, a textured, microporous structure created by IL leaching was developed in PBS, whereas the film was degraded into small fragments in the enzyme solution. To further reduce the battery thickness and impart a soft nature to the anode as well, we fabricated anodes by sputtering AZ31 onto crystallized silk films (AZ31-SF) to substitute for the stiff AZ31 foil. Such thin-film electrode could minimize mechanical injury associated with implantation and chronic use. This silk-based battery was further encapsulated by a thermal processing (Figure 3a) . 4, 29 To avoid the mechanical stress on electrodes and PE, only the outer edges around the battery were laminated with an amorphous silk adhesive frame between the electrodes. 30 This frame is of the same size as the silk substrate, far larger than that of electrodes and electrolyte. This process could create a small air pocket, providing air for the cathode reaction. Figure 3b shows the evaluation of the effect of AZ31 thin-film thickness on the performance of encapsulated batteries. As expected, batteries with thicker AZ31 thin-films displayed longer discharge times. The battery with a 500 nm AZ31 layer could deliver a specific capacity of 0.06 mAh cm -2 at a current density of 10 µA cm -2 , but significantly lower than that from an unsealed battery with an AZ31 foil anode (1.43 mAh cm -2 ). The rapid depletion of the active AZ31 coating and the limited oxygen available may be the main reasons for this discrepancy. The encapsulated battery achieved a coulombic efficiency of 27%. Nevertheless, the power offered (8.7 µW cm -2 ) may fulfil the requirements for average consumption of published wireless implantable sensing systems (<0.5 V, <0.5 µW). 31 This air pre-loaded strategy was advantageous for batteries when implanted in the sites with limited availability of oxygen. The encapsulated battery exhibited a bulk resistance of ~11.5 ohm ( Figure S5 , Supporting Information), indicating good contact and low resistance in the cell.
A particular challenge for biodegradable batteries exists in controlling the battery lifetime and correlating it with TIMBs when exposed to physiological conditions. Adding an additional crystallized silk film on top of an encapsulated battery can extend its lifetime ( Figure S6 , Supporting Information). Crystallized silk films can serve as non-immunogenic diffusion barriers for water influx. 32 The modulated degradation profile of encapsulated batteries via multilayer silk films is demonstrated in Figure 3c . An encapsulated battery (single protection layer) showed a stable OCV (1.21 V) in air with 11% of self-discharge loss after 180 min, likely due to the corrosion of the AZ31 layer at the interface with the PE. When exposed to PBS, a two-stage transient behaviour was observed: a stable OCV above 1.21 V for 64 min (i.e. same discharge profile as in air), followed by a rapid functional degradation in 22 min.
This discharge profile can be explained by the protection afforded by the crystallized silk film; the silk film absorbed water and began to swell, with liquid water being held within the swollen film, thus the device behaved as it would in the absence of water. In the second stage, the water penetration through the hydrated silk films led to the fast degradation as the AZ31 thin-film rapidly dissolved and IL leached from the PE. An additional silk protection layer over the encapsulated battery resulted in an extension of the stable operating stage to 109 min and the subsequent functional degradation to 68 min. These results clearly demonstrate that the device degradation profile can be simply modulated by the silk protection layer/layers. It can be envisioned that control over silk film thickness and its crystallinity (e.g. β-sheet content) can further tune the degradation profile. 33 A biodegradation study was performed to demonstrate that this whole battery system can indeed decompose (Figure 3d ). The biodegradation process of an encapsulated battery is determined by the slow SF degradation by proteolytic activity, which can be regulated by changing crystallinity and molecular weight. 34 A thin-film AZ31 dissolution process via hydrolysis also occurred forming mainly Mg(OH) 2 , at a rate of 0.02-0.1 µm h -1 in simulated body fluids. 35 In this encapsulated battery, AZ31 thin-film (500 nm thickness) completely disappeared in 4 h, whereas the overall encapsulated battery (170 µm thickness) nearly totally degraded after 45 days. The Au component (0.09 mg/230 mg device) was physically fragmented in the solution due to the degradation of the silk substrate. Au nanoparticles was considered to be safe owing to its inert nature, extreme resistance to oxidation and considerable biocompatibility. 36 If SF-Au film could be further degraded into several hundred nanometer pieces under optimized enzyme treatment, gold nanoparticles may be eventually cleared by renal excretion, phagocytosis and/or endocytosis.
. 
Supporting Information
Brief statements of experimental method for electrolyte preparation and cell construction, and electrochemical testing.
Author information
Notes
The authors declare no competing financial interest.
